Lithium niobate (LiNbO 3 , LN) crystal is a multi-functional material with favorable piezoelectric, nonlinear optical and electro-optic properties. In this study, the electromechanical properties of the radial extensional (RE) and the thickness extensional (TE) modes of the congruent LN are studied and the temperature dependent behaviors are revealed. The RE mode electromechanical coupling factors (k p ) for the Y-and Z-oriented discs are calculated and found to be 3.8% and 24.7%, respectively, which are nearly the same as the experimental results of 3.8% and 25.2%, respectively. The maximum RE and thickness shear (TS) modes electromechanical coupling factors are obtained to be 47.6% and 68.5% for the Y x /25
Introduction
Piezoelectric crystals are commonly studied for various piezoelectric devices, including resonators, filters, transducers, actuators, and sensors [1e5] . The lithium niobate LiNbO 3 (LN) is popular among the commercialized piezoelectric crystal materials due to its outstanding piezoelectric performances [6e10] .
The LN crystal belongs to the trigonal system with 3 m symmetry. The piezoelectric properties of LN crystal are commonly investigated and reported. The piezoelectric coefficients of LN crystal are as high as 6e70 pC/N, depending on the orientation [11, 12] . The effective piezoelectric d 22 is nearly 10 times higher than a-quartz (SiO 2 ) (2e3 pC/N) [13] . The LN crystal possesses high electromechanical coupling factors k ij . For example, the thickness extensional (TE) electromechanical coupling factors k t for the Zand Y/35 crystal cuts are nearly 17% and 49%, respectively. The electromechanical coupling factors of thickness shear (TS) mode of the X-cut reach a 68% potential for the piezoelectric transducer applications [14, 15] . In addition to the TE and TS vibration modes, the radial extensional (RE) mode is useful and important for piezoelectric transformer and actuator applications. Studies regarding the RE mode electromechanical properties for the LN piezoelectric crystal are rare. The characteristics of the electroelastic behaviors, especially at elevated temperatures, have not been comprehensive investigated [16, 17] .
In this study, the electromechanical properties of the RE and TE modes for the congruent lithium niobate (C-LN) crystals are studied. The electromechanical coupling factors k p and k t are discussed and the maximum values are investigated. The temperature dependences of the full electro-elastic constants and the electromechanical coupling factors k p and k t are studied in a temperature range between 20 and 500 C for the potential high temperature piezoelectric applications.
Deduction of the k p equation for LN piezoelectric crystal
The LN piezoelectric crystal belongs to the 3 m symmetry and has 13 independent nonzero electro-elastic constants, including 2 dielectric permittivities (ε T 11 and ε T 33 ), 4 piezoelectric coefficients (d 15 
The expression of the S p , T p , s E p , and d p are combined so that the deduced equations are simplified as:
and 8 > > > > < > > > > :
The internal energy U is expressed as:
where
Hence, the RE electromechanical coupling factor k p for Y-oriented discs (hereinafter referred to as k pD-Y ) is assumed to be: Table 1 summarizes the different crystal cuts and the related equations for evaluating the electro-elastic constants. In addition to the deduced equation for the k p evaluation (for separation, we defined it as k pD ), the empirical equation (13) [19] (hereinafter referred to as k pE ) can be used to calculate the planar electromechanical coupling factor k p , when the disc shaped samples satisfy the dimension condition with the ratio of the diameter to thickness larger than 10 (the ratio is abbreviated as p).
In the above equation, the f a and the f r are the anti-resonant and resonant frequencies, respectively, and the characters a and b are the constants related to the vibration modes. For the RE vibration mode, the constants a and b are typically selected to be 0.395 and 0.574, respectively [19] . The k pE value can be evaluated by measuring the resonant and the anti-resonant frequencies of the piezoelectric discs with an adequate dimension ratio.
In order to study the RE vibration mode, the resonant feature is analyzed via COMSOL software. The vibration modes and the corresponding resonant frequencies can be simulated by providing the piezoelectric models (including the crystal shape, the dimension, and the electric field direction) and the electro-elastic constants. For the Z-and Y-oriented LN piezoelectric discs, an AC signal (1V) is applied on the discs. In this study, the diameter and the thickness of the discs are set at 10.50 mm and 0.86 mm for the Z-oriented disc and 13.30 mm and 1.38 mm for the Y-oriented disc, respectively. The simulated frequencies range between 300 kHz and 400 kHz for the Z-oriented disc and between 150 kHz and 500 kHz for the Yoriented disc, respectively, with a step of 50 Hz. The model simulation combining with the deduced equations are used to discuss the maximum k p and k t values.
The temperature stabilities of the dielectric, elastic, and piezoelectric properties, as well as the RE and TE vibration modes are investigated using the impedance phase gain analyzer. The analyzer is connected with a specially designed high temperature furnace, where the temperature is precisely controlled from room temperature up to 500 C. Table 1 Crystal cuts, vibration modes, and related equations for determination of the electro-elastic constants for LN crystal.
crystal cuts vibration modes material constants related equations 
Evaluation of the electro-elastic constants
The full sets of the dielectric, elastic, and piezoelectric constants for the LN piezoelectric crystal are evaluated. The results are summarized with the reported values for comparison in Table 2 [20]. The measured piezoelectric coefficient d 33 is 7.9 pC/N, about 1.3e2.4 pC/N higher than the previously reported values. While the elastic compliances s E 13 ; s E 66 and the relative dielectric permittivity ε T 11 =ε 0 are slightly lower than the reported results. The C-LN crystal shows a 61.4% electromechanical coupling factor k 15 at room temperature. The measured electro-elastic constants in this work agree with the reported literature.
RE mode analysis
The RE modes are analyzed for the Z-and Y-oriented LN discs. Figs. 2 and 3 present the simulated modulus of admittance as a function of frequency and the strain for the Z-and Y-oriented discs, respectively.
The induced strain of the Z-oriented disc (4 ¼ 10.50 mm and t ¼ 0.86 mm) is symmetric and the resonant frequency is around 367.5 kHz (Fig. 2) . Taking advantage of the deduced equation (7) and the obtained electro-elastic constants, the RE electromechanical coupling factor k pD-Z for the Z-oriented disc sample is calculated at 3.8%. The experimental resonant and the anti-resonant frequencies show that the empirical k pE-Z values of the Z-oriented samples with different dimension ratios are nearly 3.8% at room temperature (equation (13)). The relative error for the experimental and deduced values is lower than 1.0%. The frequency constant N p is obtained at 3860 Hz m. The RE electromechanical coupling factor for the Y-oriented disc is studied. Three vibration modes with resonant frequencies centered at 240 kHz, 316 kHz, and 416.5 kHz are observed in the frequency ranged between 150 and 500 kHz, due to the different vibration modes of the Y-cut samples. The vibration modes can be separated by the simulated strains. The strain of the disc is observed to change along the Z axis when the frequency is centered at 240 kHz, meaning that the resonant frequency at 240 kHz should assign to the length extensional vibration mode. The variation of the strain relating to the third resonant peak is asymmetric. This phenomenon can be ascribed to the coupling of the different vibration modes in the XZ plane. The second resonant frequency centered at around 316 kHz shows a homogeneous strain distribution in the XZ plane, demonstrating the RE vibration mode for the Y-oriented disc.
The determined resonant frequencies are used to calculate the k pD-Y value at 24.7% and the empirical k pE-Y value is 25.2%. The relative error is 1.9%. The frequency constant N p is 4200 Hz m. The RE coupling factor k p of the Y-oriented disc is larger than the Zoriented disc in both the simulated and experimental results. The anisotropy of mechanical coupling factor k p and the maximum value are further investigated because of the higher RE coupling factor of the Y-oriented disc. Equation (13) shows that the k p value is mainly dependent on the Df, which is the difference between the anti-resonant and the resonant frequencies (Df ¼ f a -f r ) and signifies the resonant bandwidth. If the Df value becomes larger, the RE electromechanical coupling factors k p will typically increase. To evaluate the maximum k p value of the RE mode, the difference between the resonant and anti-resonant frequencies as well as the electromechanical coupling factor of the Y-oriented disc as a function of the rotation angle around Z-and X-axes are studied (defined as Y z /q and Y x /q crystal cuts, respectively). This takes advantage of the a Data(a) were from Ref. [20] . around the Z-and X-axes, respectively. The maximum Df value is 8.5 kHz at rotation angles of ±60 for the crystal cut rotates along the Z-axis. The corresponding maximum electromechanical coupling factor k p is 25.0%. The k p value is 24.7% for the Y-oriented LN disc without rotation, slightly lower than the rotated crystal disc (k p ¼ 25.0%). When the rotation angles are closed to ±30 , the RE vibration mode vanishes and no resonant or anti-resonant frequencies are excited, due to the effective d 0 21 value approaching zero (equation (12)). The Df value varies significantly from 0.5 kHz to 31 kHz for the Yoriented discs rotate around the X-axis. The maximum k p value obtained using the deduced equation is 47.2% when the rotation angle approximates to 25 . This is close to the simulated k p value, which is 47.6% for crystals cut with a rotation angle of 30 .
TS mode analysis
The TS vibration mode is analyzed for the Y-oriented crystal cut, due to the high electromechanical coupling factor of LN crystal. In order to design an optimum crystal cut with pure TS vibration mode, the variations of effective coupling factor k eff for the Y-oriented crystal cut rotates along the Z-and X-axes are studied and the results are presented in Fig. 6 . The electromechanical coupling factor of the crystal cut that rotates around X-axis is larger than when it rotates around Z-axis. The effective coupling factors of the TS and TE vibration modes for the Y x /q cuts are calculated as the rotation angle ranges from 0 to 180 . The Y x /167 crystal cuts have considerable large TS coupling factor (~65%) and have a negligible TE coupling factor.
Temperature dependence of electro-elastic constants
Prior to studying the temperature dependence of RE and TS vibration modes for LN crystal, the variations of the relative dielectric permittivity, the elastic compliances, and the piezoelectric coefficients are investigated as a function of temperature. Fig. 7 shows the variation of the relative dielectric permittivity Dε ii =ε 0 (i ¼ 1 and 3) as a function of temperature. The results indicate that the relative dielectric permittivities ε T 11 =ε 0 and ε T 33 = ε 0 for the LN crystal increase as the temperature increases. The relative dielectric permittivities along the X-and Z-axes increase by 23.2% and 50.0% from room temperature to 500 C, respectively. The dielectric loss tand 11 (28.5% @500 C) is lower than tand 33 (99.5% @ 500 C).
The high dielectric loss is thought to be associated with the crystal defects in LN crystal, particularly at elevated temperatures. Several types of crystal defects exist in the LN crystal, including Li vacancies, Nb vacancies, O vacancies, and Nb anti-site defects, which are primarily due to the non-stoichiometric feature of the LN crystal. In order to maintain the neutral charge, the Li deficiency causes the formation of further defects for charge compensation [21] . Previous reports stated that the LN crystal would suffer from chemical decomposition beginning at 300 C [22] . The evaporation of Li at elevated temperatures contributes to the formation of Li vacancies. The vacancy defects and charge compensation of vacancies are thought to be associated with the increased dielectric loss and the decreased resistivity.
The temperature dependence of elastic compliances is investigated from room temperature to 500 C, see Fig. 8 for results. The elastic compliances s ij (s 11 , s 33 , s 44 , and s 66 ) are shifted linearly as the temperature increases, with variations of 9.4%, 7.1%, 6.0%, and 6.8%, respectively. The s 12 , s 13 , and s 14 decrease as the temperature increases, showing negative temperature coefficients.
The temperature dependent behaviors of the electromechanical coupling factors k ij and piezoelectric coefficients d ij for LN crystals are investigated, see Fig. 9 for results. The effective electromechanical coupling factors k 15 and k 21 show a small decrease as the temperature increases, while the k 31 and k 33 increase as the temperatures increases. The largest piezoelectric coefficient is found for d 15 , which is 67.7 pC/N at room temperature. The coefficient increases to 79.0 pC/N at 500 C. The variation is 16.7%. The piezoelectric coefficient d 21 exhibits a stable trend over the tested temperature range. The variation is lower than 12.5%. The piezoelectric d 33 has a relatively large increase with variation higher than 80%, which contributes to the significant increase of relative dielectric permittivity ε T 33 =ε 0 . The variation of k p as a function of temperature for Z-oriented disc is studied and the results are shown in Fig. 10 . The k pE value is in accordance with the k pD value at room temperature. The k pE exhibits a linear increase as the temperature increases. The deduced electromechanical coupling factor k pD-Z initially shows a minimal variation from room temperature to 400 C, then exhibits a jump at temperatures higher than 450 C, which relates to the increased d 31 value. The temperature dependence of k pE-Y is investigated and the results are shown in Fig. 11 . The k pE-Y value is higher than the Z-oriented discs at 24.0% at room temperature. The samples with different dimension ratios present little discrepancy in the impedance-frequency spectra (the small inset of Fig. 11 ), which lead to the small difference of the calculated k p value. The Y-oriented discs exhibit higher k p and superior temperature stability in the tested temperature range than the Zoriented discs (<8%).
The electromechanical coupling factor k t is studied by measuring the fundamental and overtone resonant frequencies. Fig. 12 shows the variation of k t as a function of temperature, where the k t increases as the temperature increases from room temperature to 500 C. The effective coupling factor k t can be affected by the dimension ratio of crystal cut, though it is a parameter related to the thickness of the crystal sample. Fig. 12 shows a comparison of the impedance-frequency spectra for different samples to demonstrate the difference of the over-tone frequencies. For the Y-oriented LN discs with an aspect ratio of 12.44e13.42, the values of k t range between 57.0% and 64.0%, and the frequency constant N t is obtained around 1970 Hz m. As the temperatures increases, the variation of the k t tends to maintain a stable value over the tested temperature range. The large electromechanical coupling factors (k p and k t ) and good temperature stability of the electromechanical properties will be beneficial for high temperature piezoelectric transducer applications.
Conclusion
The electromechanical properties of the RE and TE modes for the Z-and Y-oriented LN discs are investigated and their temperature stabilities are studied. Based on the deduced equations for the electromechanical coupling factor k p , the effective k p values for the k p-Z and k p-Y are 3.8% and 24.7%, respectively. The experimental k p values are 3.8% and 25.2%, respectively, with relative errors <2.0%. The maximum RE and TS modes electromechanical coupling factors are 47.6% and 68.5% for the Y x /25 and Y x /167 crystal cuts, respectively. Temperature dependent behaviors show that the LN crystal possesses good temperature stability of the RE and TE electromechanical properties up to 500 C, which is promising for high temperature piezoelectric transducer applications. 
